Mitochondrial proton-translocating NADH:ubiquinone oxidoreductase (complex I) couples the transfer of two electrons from NADH to ubiquinone to the translocation of four protons across the mitochondrial inner membrane. Subunit PSST is the most likely carrier of iron-sulfur cluster N2, which has been proposed to play a crucial role in ubiquinone reduction and proton pumping. To explore the function of this subunit we have generated site-directed mutants of all eight highly conserved acidic residues in the Yarrowia lipolytica homologue, the NUKM protein. Mutants D99N and D115N had only 5 and 8% of the wild type catalytic activity, respectively. In both cases complex I was stably assembled but electron paramagnetic resonance spectra of the purified enzyme showed a reduced N2 signal (about 50%). In terms of complex I catalytic activity, almost identical results were obtained when the aspartates were individually changed to glutamates or to glycines. Mutations of other conserved acidic residues had less dramatic effects on catalytic activity and did not prevent assembly of iron-sulfur cluster N2. This excludes all conserved acidic residues in the PSST subunit as fourth ligands of this redox center. The results are discussed in the light of the structural similarities to the homologous small subunit of watersoluble [NiFe] hydrogenases.
Proton-translocating NADH:ubiquinone oxidoreductase (complex I) is the first of five complexes of oxidative phosphorylation in the mitochondrial inner membrane. In complex I, two electrons are transported from NADH to ubiquinone via FMN and eight ironsulfur clusters (1) . In this process four protons are translocated across the membrane (2) . The mechanism of this process and the location and nature of the ubiquinone binding sites are still unclear (3) . Evidence obtained with bovine heart submitochondrial particles strongly suggests that iron-sulfur cluster N2 is directly involved in ubiquinone reduction: based on paramagnetic interaction, the distance between an ubisemiquinone radical and cluster N2 was estimated to be 8-11 Å (4) . Subunit PSST is the most likely carrier of iron-sulfur cluster N2. Site-directed mutagenesis of the homologue subunits in Escherichia coli (5) and Neurospora crassa (6) indicated that three cysteines of subunit PSST are ligands for cluster N2. These cysteines correspond to positions 86, 150, and 180 in the PSST homologous NUKM subunit of Yarrowia lipolytica. A glutamate residue (Glu-89 in Y. lipolytica) had been proposed as the fourth ligand (7) , but this could be excluded by site-directed mutagenesis (8) . Thus, the fourth ligand of cluster N2 is still not known. Albracht and co-workers (9) have proposed that complex I contains two iron-sulfur clusters N2 that have identical electron paramagnetic resonance (EPR) spectra and are bound by the two ferredoxin-like Fe 4 S 4 binding motifs in the TYKY subunit. However, these two clusters in the TYKY subunit have been shown to be EPR-silent and designated N6a and N6b by Friedrich and coworkers (10) . Ubiquinone-analogous complex I inhibitors like 2-decyl-4-quinazolinyl amine (DQA), 1 rotenone, and pyridaben are thought to prevent the terminal electron transfer step from cluster N2 to ubiquinone (7) . Using a trifluoromethyl derivative of pyridaben for photoaffinity labeling, the PSST subunit was identified as high-affinity target (11) , suggesting that this subunit is in close vicinity to the ubiquinone binding site of complex I.
It has been known for a long time that complex I is evolutionary related to [NiFe] hydrogenases (12, 13) . The [NiFe] hydrogenase from Desulfovibrio fructosovorans is a water soluble enzyme for which the molecular structure has been solved (24, 26) . This enzyme consists of a large and a small subunit. The small subunit carries three iron-sulfur clusters, and part of its sequence is homologous to subunit PSST. The large subunit contains the [NiFe] cluster, and its sequence is homologous to the 49-kDa subunit of complex I. Based on a site-directed mutagenesis study in Y. lipolytica, it has been proposed that the ubiquinone-reactive catalytic core of complex I has directly evolved from the catalytic center of [NiFe] hydrogenases and that critical parts of the structural fold have been retained during evolution (14) . According to this model a significant part of the ubiquinone binding site and iron-sulfur cluster N2 are predicted to reside at the interface between the 49-kDa and PSST subunits of complex I (15) . To search for the fourth ligand of iron-sulfur cluster N2 and to identify functionally important amino acids in subunit PSST, we have constructed and characterized mutants for all highly conserved acidic residues in the homologous subunit of Y. lipolytica, the NUKM protein.
MATERIALS AND METHODS
Substrates and Inhibitors-n-decylubiquinone (DBQ), deamino-NADH (dNADH), hexa-ammine-ruthenium(III)-chloride (HAR), and rotenone were purchased from Sigma, hygromycin B from Invitrogen, and DQA was a generous gift from Aventis CropScience, Frankfurt am Main (Germany).
Strains-Y. lipolytica strains E129 (MatB, lys 11-23, ura3-302, leu2-270, xpr2-322) and E150 (MatA, his -1, ura3-302, leu2-270, xpr2-322) were a kind gift from Prof. C. Gaillardin (Institute National de la Recherche Agronomique, Paris, France). Complex I deletion strains could be generated after redirecting the alternative NADH dehydrogenase (NDH2) to the matrix site (16) . The internal version of NDH2 (NDH2i) rescues complex I deficiency, allowing the survival of mutants lacking complex I function. The NUKM gene was deleted by homologous recombination with a LEU2-marked deletion allele (8) . To purify complex I by Ni 2ϩ affinity chromatography, a six alanine spacer plus a His 6 tag was attached to the C terminus of the NUGM (30 kDa) subunit (17) and integrated at the NUGM locus by pop-in-pop-out recombination (18) . The two strains were conjugated, and the resulting diploid strain was sporulated to obtain a strain with both the NUGM-tag and the nukm::LEU2 alleles. LEU2 ϩ spores were tested for the absence of the genomic copy of NUKM using the polymerase chain reaction PCR and Southern blotting.
Site-directed Mutagenesis of NUKM-Point mutations were created using the QuikChange site-directed mutagenesis method from Stratagene, using as template a 2.3-kb EcoRI genomic fragment from the NUKM locus, subcloned into the replicative vector pUB4 carrying the HygB R resistance gene. Mutated plasmids were confirmed by DNA sequencing and used for transformation of the deletion strain nukm::LEU2-NUGM-tag. Transformants were selected by hygromycin B resistance, and the mutation was reconfirmed by sequencing of the entire open reading frame on the plasmid. The mutations were analyzed in comparison to the pUB4 complemented deletion strain nukm::LEU2-NUGM-tag as parental strain.
Purification of Complex I-Unsealed mitochondrial membranes were prepared from parental and mutant haploid strains (nukm::LEU2, ura3, leu2, lys11, pUB4-nukm mut /Hyg) as described previously (17, 19) . Complex I was purified by extraction of mitochondrial membranes with dodecyl maltoside followed by Ni 2ϩ -agarose and size exclusion chromatography (17) . Affinity purification of His-tagged complex I, followed by gel filtration, gave pure enzyme (ϳ95%) with a total yield of 38% for the parental strain. Blue native polyacrylamide gel electrophoresis was performed as described in Ref. 20 .
EPR Spectroscopy-Low temperature EPR spectra were obtained on a Bruker ESP 300E spectrometer equipped with a liquid helium continuous flow cryostat, ESR 900 from Oxford Instruments. Samples of purified complex I were mixed with NADH in the EPR tube and frozen in liquid nitrogen after 30 s reaction time. Spectra were recorded at 12 K or at 40 K with the following instrument settings: microwave frequency 9.475 GHz, microwave power 1 mW, modulation amplitude 0.64 mT. Under these conditions spectra show contributions from clusters N1, N2, N3, and N4 (21) .
Redox Titrations-For redox titrations mitochondrial membranes (ϳ200 mg protein) were sedimented by centrifugation for 1 h at 48,000 ϫ g. The pellet was suspended in 30 ml of buffer containing 30 mM each of sodium-acetate, Mes, Mops, Tris, glycine, pH 7.0, 100 mM NaCl, and 1 mM EDTA and centrifuged as before. After one additional washing step the resulting pellet was suspended in 4 -5 ml of the above buffer yielding a final protein concentration of 25-30 mg/ml. The following redox mediators were added to a final concentration of 30 M each: tetramethyl-phenylenediamine, phenazine-methosulfate, methylene blue, menadione, resorufin, indigotrisulfonate, 1,2-naphthoquinone, 2-hydroxy-1,4-naphthoquinone, phenosafranine, benzyl viologen, and methyl viologen. Redox titrations were performed anaerobically as described in Ref. 22 . The membrane suspension was poised at appropriate potential values by small additions of freshly prepared 50 mM dithionite. Aliquots were anaerobically transferred into an EPR tube, frozen rapidly in cold isopentane/methylcyclohexane (5:1), and stored in liquid nitrogen.
Cluster N2 reduction rate in the frozen samples was then determined by recording EPR spectra at 12 K from samples poised at redox potentials between ϩ100 and Ϫ500 mV. After subtraction of the oxidized spectrum recorded at a redox poise between ϩ30 and Ϫ30 mV, to eliminate signal contributions from components with higher redox potential, the intensity of the N2 EPR signal was calculated by scaling it to a simulated N2 spectrum. The resulting N2 reduction rates were fitted to the Nernst equation using PSI Plot (Poly Software International, Salt Lake City, UT).
Activity Measurements-dNADH:DBQ oxidoreductase activity was assayed at 30°C in a Shimadzu UV-300 spectrophotometer as dNADH oxidation rate (⑀ 340 -400 nm ϭ 6.22 mM Ϫ1 cm Ϫ1 ) in the presence of 100 M dNADH and 50 mM Tris/HCl, pH 7.4, and 2 mM KCN. The reaction was started by the addition of 60 M DBQ. Inhibitors were added from stock solutions (10 mM in ethanol) prior to DBQ. Michaelis-Menten parameters were determined by varying the concentration of DBQ (2-100 M), and data were analyzed with the Enzfitter Software-Package (Version 2.0.16.0, Biosoft, Cambridge, UK). Detergent-and inhibitor-insensitive NADH:HAR activity was measured using 200 M NADH and 2 mM HAR, 2 mM NaN 3 in 20 mM Na ϩ /Hepes, pH 8.0, at 30°C (23), and used to quantify the complex I content in the membranes. The reaction was started by the addition of 50 g (total protein) of unsealed mitochondrial membranes. To test for temperature stability mitochondrial membranes were incubated for 5 mins at increasing temperatures (30 -60°C) before NADH:HAR activity was tested as described at 30°C.
RESULTS
By alignment of protein sequences of PSST homologous subunits of complex I from different species, eight highly conserved acidic amino acids could be identified (Fig. 1) . We have explored their possible role in the catalytic mechanism of complex I by site-directed mutagenesis of the NUKM gene in Y. lipolytica (Y. lipolytica numbering is used throughout, but the bovine name PSST is used in most cases). The resulting mutants were characterized in terms of complex I assembly and function. Data from an earlier study in which we had reported the results from mutagenesis of four of the eight positions (8) included here for comparison and completeness (see Table I ). As a qualitative test for complex I assembly, mitochondrial membranes from each mutant were subjected to blue native polyacrylamide gel electrophoresis, and complex I content was quantified by NADH:HAR activity of mitochondrial membranes. All mutants analyzed in this study were found to have fully assembled complex I (data not shown), and its content in mitochondrial membranes was within the range commonly observed with the parental strain ( Table I ). The catalytic activity of complex I toward quinones was measured as specific dNADH:DBQ oxidoreductase activity and normalized to complex I content in the membranes. Codon 99 in the NUKM open reading frame translates into a fully conserved aspartic acid (Fig. 1) . Changing this carboxylate into its corresponding amide asparagine resulted in almost complete loss (Ͻ5% residual activity) of dNADH:DBQ oxidoreductase activity in the presence of saturating amounts of both substrates. Due to this very low activity, determination of K m , V max , and I 50 values for complex I inhibitors was not possible. Affinity purification of complex I from mutant D99N was successful, but the yield in two independent purification experiments was only 25% as compared with the parental strain. As the content of complex I in membranes was only slightly lower that in the parental strain, the low purification yield suggested a somewhat lower stability of complex I in mutant D99N. The observation of decreased temperature stability of NADH:HAR oxidoreductase activity in D99N membranes was consistent with this interpretation (data not shown). This structural instability was also evident from the fact that in the first complex I preparation from this mutant, cluster N2 was not detectable by EPR spectroscopy whereas the spectra of all other visible clusters were unaffected. In the second batch of complex I from mutant D99N, the presence of iron-sulfur cluster N2 was clearly evident from EPR spectra recorded at 12 K and the g z value for iron-sulfur cluster N2 was not shifted, indicating that the mutation had not influenced ligand geometry (Fig. 2) . To compensate for different complex I concentrations all spectra were normalized to the N1 g z signal intensity of the parental enzyme at 40 K (not shown). At this temperature cluster N1 can be measured selectively avoiding background effects from other overlapping iron-sulfur clusters, like iron-sulfur cluster S3 of complex II. At 12 K the signal of this cluster contributed significantly to the slightly shifted peak at the N1 field position, indicating that significant amounts of complex II were present as an impurity in the complex I preparation from mutant D99N. Using signal calibration at 40 K, the amplitude of the g z signal of cluster N2 in complex I from the parental strain and mutant could still be compared showing that in the second batch of complex I from mutant D99N the amount of N2 was decreased by about 50%. The lowered cluster N2 content was also evident from the g xy region of the EPR spectra, but because signals originating from all iron-sulfur clusters overlap in this field position this signal could not be used for quantitation. To test a more conservative mutation that left the carboxylic acid function at position 99 intact, we replaced the aspartic acid with glutamic acid: in terms of assembly and complex I content in mitochondrial membranes D99E did not show any significant difference compared with the parental strain or mutant D99N. Also dNADH: DBQ activities of D99E and D99N were comparable (Ͻ 5% of the wild type rate). As a more drastic mutation, we changed aspartic acid 99 into glycine. In membranes from mutant D99G, complex I was still fully assembled in normal amounts and dNADH:DBQ activity was as low as for mutants D99N and D99E.
A second fully conserved aspartic acid residue in the NUKM sequence codon 115 (Fig. 1 ) was mutagenized to give asparagine or glutamic acid. Both mutants, D115N and D115E, contained assembled complex I, but dNADH:DBQ oxidoreductase activities were found to be only ϳ8% of the wild type rate. Like for the Asp-99 mutants, this low activity made the determination of K m , V max , and I 50 values for complex I inhibitors impossible. The purification of complex I from both mutants gave a yield of 39% for D115N and 35% for D115E as compared with the parental strain. Like in the case of mutant D99N, this low yield suggested some destabilization of complex I, which was also reflected in a slight decrease in temperature stability (data not shown). EPR spectroscopy of complex I isolated from D115N (Fig. 2) showed that the g z values for clusters N1, N3, and N4 were not changed and that their relative amplitudes were comparable with complex I from the parental strain. Like in the case of D99N, the g z signal for cluster N2 was not shifted, but a reduction in signal intensity by about 50% was observed. This was also evident from the g xy region of the N2 spectrum. As for Asp-99, the aspartic acid in position 115 was also changed into glycine. Complex I content and assembly in mitochondrial membranes from mutant D115G was normal, and dNADH:DBQ oxidoreductase activity was not significantly different from D115N and D115E.
Based on these results we could not fully exclude the possibility that Asp-99 and Asp-115 form a pair of hydrogen bonds to iron-sulfur cluster N2, as in this case elimination of either residue still may have allowed assembly of the [Fe 4 S 4 ] center. For this scenario, the midpoint potential of the redox center is predicted to change in the mutants due to the removal of one the hydrogen bonds. Therefore, we determined the midpoint potential of cluster N2 in membranes from mutants D99N and D115N. As shown in Fig. 3 , the values of 120 -130 mV for both mutants were not significantly different from that obtained for the parental strain.
A third fully conserved aspartate is located at position 174 (see Fig. 1 ). This position was changed into asparagine. Complex I content in membranes from mutant D174N was within the range commonly observed for the parental strain. V max for DBQ and I 50 values for rotenone and DQA were not significantly changed, whereas the K m value for ubiquinone was slightly increased (Table I) . No significant effects on complex I had been observed previously when the fourth fully conserved aspartate, Asp-168, had been changed into asparagine (Ref. 8 and Table I) .
Two fully conserved glutamic acids can be identified in the sequences of complex I subunits homologous to subunit PSST (see Fig. 1 ), E89 and E185. Glutamate 89 has a position close to cysteine 86, and glutamate 185 is located near cysteine 180; both cysteines are possible ligands for cluster N2. Mutant E185Q exhibited a moderate 65% decrease in dNADH:DBQ activity. The K m value for DBQ was increased about 2-fold, but I 50 values for rotenone and DQA were the same as for the parental strain (Table I ). The purification of complex I from mutant E185Q was successful, and the yield obtained from this mutant isolation was comparable with the parental strain. The EPR spectrum from E185Q was virtually indistinguishable from spectra of parental complex I: there were no effects on positions of the g z signals of clusters N1, N2, N3, and N4, and their intensities were also unaffected (Fig. 2) . This is in contrast to mutants E89Q, E89C, and E89A that exhibited shifted g z values and decreased signal intensities for iron-sulfur cluster N2 (8) and slightly lowered I 50 values for DQA (Table I) . Mutant E89Q also exhibited a reduced K m value for ubiquinone. In the positions corresponding to codons 136 and 140 of the NUKM gene an acidic residue (Asp or Glu) is found in all known sequences of PSST homologous subunits. When these two amino acids were changed in their corresponding amides (8) , ubiquinone reductase activity of complex I was found to be moderately decreased, and hypersensitivity to rotenone and slight resistance to DQA was observed (Table I) . DISCUSSION By changing every one of eight conserved acidic residues in the PSST-homologous NUKM subunit of Y. lipolytica complex I, we have made an initial assessment of their role in complex I function. Two aspartates, Asp-99 and Asp-115, were found to be absolutely essential for complex I function as even the two most conservative exchanges possible, introducing an additional methylene group by changing them to glutamate or removing the charge by introducing the amide asparagine, resulted in almost complete loss of ubiquinone reductase activity. We could exclude by redox titration with membranes from mutants D99N and D115N that a shift in the midpoint potential of iron-sulfur cluster N2 was blocking electron transfer. Although mitochondrial membranes from all four mutants contained virtually normal amounts of complex I, a decrease in complex I stability became evident from lower yields during protein purification and a concomitant partial loss of ironsulfur cluster N2. Even the rather drastic exchange of each of the aspartates to glycine still allowed normal assembly of complex I; residual activity and stability of complex I was practically the same as for the more conservative exchanges. The very similar effect of rather different amino acid exchanges in these two positions makes it tempting to speculate that in all cases a similar local change of a structural configuration occurred and that the resulting collapsed configuration was incompatible with ubiquinone reductase activity of complex I. As shown in our earlier study (8) , the ligand field geometry of iron-sulfur cluster N2 is affected specifically when Glu-89 was exchanged with alanine, cysteine, or glutamine and mutations D136N and E140Q have significant effects on inhibitor binding (see Table I ). Changing Asp-168, Asp-174, or Glu-185 to the corresponding amide had little or no effect on complex I.
EPR spectra of complex I from all mutants showed normal or in one case somewhat shifted spectra of iron-sulfur cluster N2.
The possibility that Asp-99 and Asp-115 form a pair of hydogen bonds to iron-sulfur cluster N2 could be excluded as the midpoint potentials in membranes from mutants D99N and D115N were unchanged. Therefore, all conserved acidic residues in the PSST subunit can be excluded as fourth ligand of this redox-center.
A more detailed interpretation of the observed effects is difficult without a high-resolution structure of complex I. It has been demonstrated previously for mutants of the 49-kDa subunit, the homologue of the large hydrogenase subunit (15) , that structural homologies to water-soluble [NiFe] hydrogenases for which x-ray structures are available (24 -26) can be very useful to understand structure/function relationships in complex I. Our results suggest that also a comparison of the small subunit of water-soluble [NiFe] hydrogenases and the PSST subunit of complex I provides important clues (Fig. 4) . Subunit PSST is much smaller than the small hydrogenase subunit because the C-terminal half that forms the domain harboring two of the three iron-sulfur clusters of hydrogenase is completely missing (Fig. 4A) . Sequence conservation in the remaining part of the protein is rather weak, but three of the four cysteines that ligate the third, proximal cluster in the small hydrogenase subunit are conserved in subunit PSST (see Fig. 1 ), allowing a reasonable alignment of the sequences. Changing the conserved acidic residues around Cys-180 had very little effect on the function of complex I; the corresponding residues in the hydrogenase structure (Fig. 4, magenta) are found at the interface to the C-terminal iron-sulfur domain that is missing in subunit PSST. In contrast, Cys-86 and adjacent Glu-89 are predicted to be near the interface between PSST and the 49-kDa subunit; this position is consistent with the observed distortions of the ligand field of iron-sulfur custer N2 observed in mutants E89Q, E89C, and E89A (8). The four positions at which mutations had pronounced effects are located between Cys-86 and Cys-150. Although conservation between complex I subunits from different species was found to be very high in this part of the PSST subunit (36% identical residues between mammals and bacteria; see Fig. 1 ), this region has little similarity with the corresponding region of the small hydrogenase subunit (Fig. 4, blue) and is shortened by 30 amino acids ( Fig  4A) . This suggests that this part of the PSST subunit structure is rather different from the small subunit of hydrogenase, but it still seems reasonable to assume that the position of this domain relative to the iron-sulfur cluster ligating cysteines has remained the same. It is important to note that based on this proposal this part of the PSST subunit would be predicted to be adjacent to regions of the 49-kDa subunit (Fig. 4, green) in which mutations causing inhibitor resistance (14, 27) and functional defects have been identified. 2 Conservative mutations of acidic amino acids in the region between Cys-86 and Cys-150 caused almost complete loss of catalytic activity (Asp-99 and Asp-115) or significant hypersensitivity to rotenone and resistance to DQA (Asp-136 and Glu-140). This fits well with the observation that mutation V119M was found previously to cause a 50% decrease in activity and a moderate hypersensitivity for DQA (28) . We had reconstructed this mutation in Y. lipolytica because the homologous V122M substitution in the human NUDFS7 gene had been reported to cause Leigh-Syndrome (29) . We conclude that this part of the PSST subunit represents another functionally important domain of the catalytic core of complex I.
